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Magnetic fields are a standard tool in the toolbox of every physicist, and are required for the characterization of
materials, as well as the polarization of spins in nuclear magnetic resonance or electron paramagnetic resonance
experiments. Quite often a static magnetic field of sufficiently large, but fixed magnitude is suitable for these
tasks. Here we present a permanent magnet assembly that can achieve magnetic field strengths of up to 1.5T
over an air gap length of 7mm. The assembly is based on a Halbach array of neodymium (NdFeB) magnets,
with the inclusion of the soft magnetic material Supermendur to boost the magnetic field strength inside the
air gap. We present the design, simulation and characterization of the permanent magnet assembly, measuring
an outstanding magnetic field stability with a drift rate of < 1.7 ppb/h. Our measurements demonstrate that
this assembly can be used for spin qubit experiments inside a dilution refrigerator, successfully replacing the
more expensive and bulky superconducting solenoids.
PACS numbers: 07.55.Db, 75.50.Ww, 03.67.Lx, 76.30.-v, 76.60.-k
I. INTRODUCTION
Experiments that require strong magnetic fields usu-
ally rely on superconducting solenoids, which are large,
expensive, and require both a stabilized current source
and cryogenic temperatures for operation. However,
many experiments only need a static magnetic field of
order of magnitude 1T, that is “set-and-forget”, as is
the case for spin-based quantum computation with elec-
tron spin states. With a g-factor of g ≈ 2 and a gy-
romagnetic ratio of γe ≈ 28GHz/T, electron spins in
gate-defined quantum dots or donors in silicon1,2 require
only moderate magnetic fields of B = 0.5 − 1.5 T to
achieve a Zeeman splitting γeB that is larger than the
thermal energy kBT at typical dilution refrigerator tem-
peratures of T < 100 mK. This then allows for the
read-out and initialization of the spin state via spin-
dependent tunneling to and from a thermally-broadened
electron reservoir3,4 or via a spin relaxation process.5,6
Alternative spin initialization and readout methods, like
singlet-triplet initialization for quantum dots6–9 or op-
tical cycling for colour centers in diamond and silicon
carbide,10,11 do not require γeB  kBT , and can there-
fore work at higher temperatures6,10 or with quantum
systems that have smaller g-factors like electron spins
in GaAs quantum dots8 or hole spins in Ge quantum
dots.9 Nevertheless, these systems still require external
magnetic fields for selective addressability of individual
quantum bits9 or to provide a well-defined quantization
axis. In any case, magnetic fields of B = 0.3− 1.5 T are
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usually sufficient for most quantum computation experi-
ments.
In this article we present a permanent magnet assem-
bly that can be used for experiments that require mag-
netic fields between 0.6 T and 1.5 T for samples with
footprints of several square millimeters. To achieve these
high fields, we employ a design based on Halbach ar-
rays with strong neodymium (NdFeB) permanent mag-
nets, and use the soft magnetic material Supermendur to
boost the magnetic field strength even further. The dif-
ferent components are held in place by a copper box with
individual compartments and brass lids. One such per-
manent magnet assembly can be constructed for around
$750 USD, made up of $100 USD for the neodymium
magnets, $150 USD for the Supermendur pieces and
$500 USD for the machined copper box and brass lids.
In Sec. II we show detailed sketches of the design,
and use simulations in Sec. III to verify that fields of
up to 1.5 T magnitude can be achieved. Furthermore,
the fields are tunable by varying the length of the Su-
permendur pieces and, therefore, the length of the air
gap. We present cryogenic measurements in Sec. IVA
to show that the spin reorientation transition (SRT) of
neodymium does not cause any issues, and compare the
cool-down times of a cryogen-free BlueFors dilution re-
frigerator with a permanent magnet assembly to that of
a superconducting magnet. Finally, in Sec. IVB we use a
donor spin qubit in silicon to demonstrate that spin qubit
experiments can indeed be carried out in the permanent
magnet assembly. Monitoring the resonance frequency of
the spin qubit allows us to further show that the long-
term stability of the magnetic field is at least an order
of magnitude better than that of superconducting mag-
nets, even those fitted with state-of-the-art low drift rate
option.
Our proposed design can, therefore, replace traditional
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2Figure 1. (a) Schematic of the permanent magnet assembly. N and S, and I and II denote north and south, and the two
permanent magnet shapes, respectively. (b) The magnet assembly as used in an experiment. The magnets are housed in a
copper enclosure 1© with the enclosure lids 2© and brackets 3© used to keep the magnets and supermendur aligned and in
place. The device 4© is housed in its own copper enclosure 5© with DC and MW electrical access provided by DC lines 6©
(interfaced with MMCX connectors on the back of 5©) and a coplanar waveguide (interfaced with a 2.92 mm K connector 7©)
on a printed circuit board 8©. Thermal contact, in a dilution refrigerator, is ensured by bolting 1© to the mixing chamber
plate with the base plate 9©. (c) Cross-section of the magnet assembly in the yz-plane, at the position of the device 4©.
superconducting magnets at a significantly lower cost.
Additionally, dilution refrigerators can typically only ac-
commodate a single superconducting magnet. Due to
the proposed design’s light weight, relatively small size,
and low stray fields, several magnet assemblies can be
mounted in the same fridge and can be used alongside a
superconducting magnet. This allows simultaneous mea-
surement of several devices and reduces cool-down times.
Further advantages are the stable magnetic field with
only a few percent shift in field between room temper-
ature and mK, and the inherent absence of quenching
when cryo-cooling fails.
II. MAGNET ASSEMBLY
We base our magnet assembly on the design proposed
in Ref. 12, a variation on the linear Halbach array. Hal-
bach arrays, described in detail in Refs. 13,14, are a set of
permanent magnet arrays where the magnetization axis
of the array smoothly rotates as the array is traversed
in space. In its linear form, the array is composed of
a line of magnets where the rotating magnetization axis
has the effect of cancelling the magnetic field on one side
of the array and enhancing it on the other.15 To confine
and further increase the magnetic field, two Halbach ar-
rays can be placed back-to-back, with an air gap between
them. This will theoretically produce a finite magnetic
field in the air gap and a vanishing field elsewhere. While
the magnetization axis of an ideal Halbach array rotates
smoothly, in practice, a period of a Halbach array can be
approximated from four magnets arranged so that the
magnetization axis of each magnet is rotated 90◦ to the
magnet placed before it.16
In the assembly proposed in Ref. 12, a three-quarter
section of a Halbach array period, in the back-to-back
configuration described above, is used to produce a mag-
netic field that is confined and concentrated to the center
of the assembly. However, integrating such an assembly
into our experimental setup poses difficulties. Namely,
electrical access to the device when placed at the center
Magnet Size (mm) Elevation (mm)
I 20× 30× 60 0
II 10× 30× 10 0
Supermendur 10× 25× 50 13.5
Table I. The magnet dimensions (formatted as x × y × z)
and elevation from the bottom of the array (in the negative
y-direction).
3of the assembly becomes infeasible without increasing the
size of the air gap until the field is impracticably weak or
the assembly impracticably large. To overcome this is-
sue, we replace the inner parts of the center magnets with
the soft magnetic material Supermendur, as discussed be-
low, and raise the Supermendur above the surface of the
assembly. Devices are placed in the gap between the
Supermendur pieces, above the surface of the assembly,
allowing for simple electrical and microwave access (see
FIG. 1). In addition, a level of control over the magnetic
field strength at the air gap can be attained by the use of
brass spacers. The spacers, in conjunction with smaller
Supermendur pieces, allow the air gap length and hence,
the magnetic field produced by the assembly itself, to be
selected at its time of construction. In a more recent,
however untested, version of the magnet assembly, we
use Supermendur pieces with threaded holes to realize a
continuously tunable air gap, that can be tuned by the
turn of a screw.
Judicious selection of the magnetic material used is es-
sential in ensuring that the designed assembly produces
a sufficiently large magnetic field while minimising its
dimensions. As NdFeB magnets are the strongest class
of available permanent magnets,17,18 N52 grade NdFeB
magnets with a typical residual magnetization of approxi-
mately 1.45T are used in the assembly. However, at tem-
peratures below 135K, it becomes energetically favorable
for the magnetic moments in the Nd2Fe14B phase to align
to its [110] axis rather than the [100] axis it is aligned to
at room temperature.19 This is the well-documented SRT
and causes the magnetic moment of the Nd2Fe14B grains
in a magnet to cant 30.6◦ from their [100] axis at 4.2K.20
As a consequence of the SRT, the magnetic field produced
by magnet assemblies constructed from NdFeB magnets
is lower at cryogenic temperatures.21,22 Nonetheless, the
magnetization of N52 magnets remains large even fol-
lowing the SRT. Moreover, we assume that the [110] axis
is randomly distributed for the various Nd2Fe14B grains
throughout the sintered magnets and therefore expect no
change in the magnetization axis of the magnets at low
temperatures. To ensure this was the case, the magneti-
zation of a sample NdFeB magnet was measured at room
temperature and at 1.5K, with no appreciable rotation
in magnetization axis observed (see Tab. II).
The inclusion of a soft magnetic material with a low
Surface B at 300K (T) B at 1.5K (T)
〈x〉 0.00723 0.00663
〈y〉 0.576 0.449
〈z〉 0.0653 0.0737
Table II. Surface magnetic flux density of a 20× 30× 60 mm
N55 NdFeB magnet magnetized along the y-direction, at
300K and 1.5K. While the magnitude reduces by ≈ 20%,
the magnetization direction does not change. Note, that the
NdFeB magnets of this size that are used in the assembly are
actually magnetized in the x-direction.
residual magnetization and a high saturation magnetiza-
tion can be used to further strengthen the magnetic field
produced by the assembly. As mentioned above, the cen-
ter permanent magnets are partially replaced with Super-
mendur, a soft magnetic alloy of 2% vanadium, 49% iron
and 49% cobalt that has a saturation magnetization of
approximately 2.4T.23 Based on the negligible decrease
in saturation magnetization observed for Supermendur
at 4.2K,24 we assume that the cryogenic and room tem-
perature behavior of Supermendur are similar. Given
the position of the Supermendur and its low saturation
induction,23 the Supermendur near the air gap is at sat-
uration and provides a major contribution to, and hence
substantially increases, the magnetic field in the air gap.
As a consequence of the highly confined magnetic field
in conjunction with the use of strong magnetic materi-
als, the magnet assembly is compact with a footprint of
55 × 87mm. For reference, the diameter of the mix-
ing chamber plates of Bluefors LD and XLD series dilu-
tion refrigerators are 290mm and 500mm, respectively.
Thus, we estimate that at least four magnet assemblies
can be mounted vertically to one side of the mixing cham-
ber plate of an LD series dilution refrigerator [that is,
mounted with the z-axis perpendicular to the mixing
chamber plate surface with the point of contact being
the base plate of the assembly - 9© in FIG. 1(b)]. If
both, the top and the bottom surfaces of the mixing
chamber plate are fitted with magnet assemblies, that
number rises to eight and would further increase for an
XLD series dilution refrigerator. This enables multiple
experiments to be run in the same dilution refrigerator,
with the upper bound on the number of experiments set
by the cabling and necessary electronics and not by the
bore of a superconducting solenoid.
III. SIMULATION
The magnet assembly was simulated in Radia, a
boundary integral method magnetostatics solver for Wol-
fram Mathematica, developed by the European Syn-
chrotron Radiation Facility.25,26 Given the large coerciv-
ity of NdFeB magnets at cryogenic temperatures,21 we
model the permanent magnets as insensitive to any exter-
nal magnetic field applied to the magnet and with a resid-
ual magnetization of 1.24T. This is the room tempera-
ture residual magnetization rotated by 30.6◦ and then
projected onto the room temperature easy axis. While
this model is not an entirely accurate representation of
an NdFeB magnet, especially given the rising magnitude
of the residual magnetization below the SRT,20 it suf-
fices to estimate the worst case behaviour of the mag-
nets. We model the Supermendur as a non-linear mag-
netic material based on its room temperature magnetiza-
tion curve. Finally, to simulate the effect of varying the
air gap length, we correct our estimate of the magnetiza-
tion of the NdFeB magnets at millikelvin temperatures
from the electron spin resonance frequency in a silicon-
4Figure 2. (a) Magnitude of the total magnetic field strength |B| along an xz-cross-section of the magnet assembly, with the
location of the qubit taken to be the origin. The dashed line shows the outline of the assembly, the 80mT contour marks the
critical field of lead and the grey regions denote supermendur. (inset) Magnitudes of B‖ (left) and B⊥ (right) magnetic field
components in the air gap with respect to the z-axis (the desired spin quantization axis). (b) The norm of the magnetic field
gradient |∇B|. (c) The magnetic field strength at the origin as function of air gap length. The experimental data point is from
the measurement shown in FIG. 4(a).
based single-atom spin qubit device27–29 mounted inside
the permanent magnet assembly.
In FIG. 2 we plot the results of our magnetic field
simulations for an air gap of 7mm (the assembly is with-
out brass spacers). The main panel in FIG. 2(a) shows
|B| the magnitude of the magnetic field strength for the
whole magnet assembly, plotted for the xz-cross-section
at the y-position of the qubit location. The bottom insets
are zoom-ins to the qubit region, showing the B‖ = Bz
and B⊥ =
√
B2x +B2y components with respect to the
qubit quantization axis. At the expected qubit position,
we compute a magnetic flux density of 1.44T that is
strongly aligned to the z-axis and strongly confined to
the air gap. The high magnetic flux density ensures that
the Zeeman splitting of the electron spin is larger than
the thermal energy at dilution refrigerator temperatures,
a prerequisite for many spin initialization and readout
schemes.3–6 In addition, the strong magnetic field con-
finement to the inside of the enclosure would, in the fu-
ture, allow for total electromagnetic isolation of the qubit
by enclosing the assembly and device inside a supercon-
ducting shield. In FIG. 2(a), we mark the 80mT iso-field
line indicating where the stray field falls below the criti-
cal field of lead, to approximate the dimensions required
by such a shielding enclosure. The outline of the magnet
assembly is indicated by the dashed line.
We find that the field is homogeneous within the air
gap with a gradient of ∼ 2mT/mm computed at the
qubit location and plotted in FIG. 2(b). This value is
greater than ∼ 5 µT/mm - the value simulated for a
superconducting solenoid generating a 1.55T magnetic
field.30 In the case of a superconducting solenoid, a mag-
netic field gradient can be transduced into magnetic noise
on the qubit if the magnet moves with respect to the sam-
ple stage.30–32 This is to be expected in common cryo-
magnetic systems, where the sample plate and the mag-
net are connected at very distant flanges. The matter can
be particularly severe in cryogen-free refrigerators due to
the vibrations produced by the pulse-tube coolers. How-
ever, in the case of the permanent magnet assembly, the
magnet and sample form part of the same compact and
rigid structure. No relative motion between the mag-
net assembly and the sample can occur, making the field
gradient entirely inconsequential for qubit coherence.
Finally, in FIG. 2(c) we show how the magnetic field
strength at the qubit position varies when the size of the
air gap length is increased. This can be accomplished by
shortening the Supermendur pieces and inserting brass
spacers near the air gap to keep them in place, however in
a more recent, hitherto untested design we have realized
a continuously tunable air gap using screws.
The simulations show that the field strength can be
adjusted from 1.44T for 7.0mm to 0.60T for 20.0mm
air gap length. This provides a large range of magnetic
fields for qubit experiments, albeit without the possibility
for in-situ tunability of the assembly in its current form.
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Figure 3. (a) Temperature dependence of the magnetic field
generated by the magnet assembly, with the NdFeB spin re-
orientation transition (SRT) indicated. (b) Pulse tube (PT,
left) and mixing chamber (MXC, right) temperature during
the two cool-down stages of a dilution refrigerator equipped
with either a superconducting solenoid or a permanent mag-
net assembly.
IV. EXPERIMENTS
A. Cryogenic Behaviour of the Assembly
To measure the temperature response of the magnet
assembly, a Cryomagnetics Inc. HSU-1 calibrated Hall
effect sensor is placed in the air gap and the assembly
is installed inside a dilution refrigerator. The Hall volt-
age is measured during warm up of the fridge. FIG. 3(a)
shows the temperature response of the assembly with the
NdFeB spin reorientation transition (SRT) visible. We
attribute the relatively small change in magnetic field
over the temperature range to the saturated Superme-
ndur, which produces the bulk of the magnetic field at
the air gap and which is insensitive to fluctuations in the
NdFeB magnetization. Overall, the magnetic field inside
the air gap changes by only ∼ 6% over the whole tem-
perature range from 300K down to mK,33 making it an
interesting option for wide-range temperature dependent
studies and measurements.
Next, we measure the cool-down time of a BlueFors
BF-LD400 dilution refrigerator with either a permanent
magnet assembly or an American Magnetics 5-1-1 T su-
perconducting vector magnet mounted. We observe a
∼ 14 h improvement in the time taken for the pre-cool
step from room temperature to 4K [see FIG. 3(b) - left
panel]. This is expected as the mass of the superconduct-
ing solenoid (38.1 kg) is considerably larger than that of
the assembly (2.83 kg). The superconducting solenoid
operates at 4K and is, therefore, not further cooled dur-
ing the second cool-down step from 4K to mK, however,
the magnet assembly is cooled tomK along with the sam-
ple. This, along with the weaker cooling powers at lower
temperatures, accounts for the longer cooling time in the
second cool-down step when the magnet assembly is used
[see FIG. 3(b) - right panel].
There is one further distinct advantage of the perma-
nent magnet assembly compared to a superconducting
magnet. Cryogen-free dilution refrigerators are critically
dependent on a chilled water supply. The helium com-
pressor of the pulse tube will shut off within tens of sec-
onds of any interruption to the cooling water. In the not
uncommon event of a failure in the chilled water sup-
ply, a superconducting magnet will therefore overheat
and quench, causing the whole cryostat to warm up by
tens of kelvin. This is not an issue with the permanent
magnet assembly.
B. Spin Qubit Experiments
As a final test for the permanent magnet assembly, we
use it to provide the magnetic field for spin qubit ex-
periments with implanted 31P donors in isotopically en-
riched 28Si. The physical systems and devices have been
described in ample detail elsewhere,4,27,29 and we simply
use them to probe the magnetic field and its stability.
In FIG. 4(a) we show a coherent nuclear magnetic
resonance (NMR) spectrum of the ionized 31P+ nuclear
spin. In this charge configuration, the nucleus has no
hyperfine coupling. The NMR frequency is thus given
by νNMR = γnB, where γn = −17.23MHz/T is the
nuclear gyromagnetic ratio of 31P, giving us an exact
measurement of the applied magnetic field. We extract
B = 0.9841 T, which is in good agreement with our sim-
ulations, as shown in FIG. 2(c).
We try to gauge possible fluctuations in the magnetic
field produced by the assembly by conducting coherence
time measurements on the nuclear spin. Unfortunately,
we were not able to compare the same device and donor
in both a superconducting solenoid and a permanent
magnet board assembly. Hence, we show in FIG. 4(b)
the free induction decay coherence times T ∗2 and Hahn
echo coherence times THahn2 for a few devices belonging
to similar, recent fabrication batches.28 While the out-
come of this comparison is certainly not conclusive, the
data suggests that the permanent magnet assembly does
not worsen the qubit coherence, and possibly improves it
compared to a superconducting solenoid.
Finally, in FIG. 4(c) we compare the long term stabil-
ity of the permanent magnet assembly with that of a su-
perconducting solenoid. In previous measurements with
standard superconducting solenoids in a liquid helium
6Figure 4. (a) Coherent nuclear magnetic resonance (NMR) spectrum of the ionized 31P+ donor nuclear spin performed with
a permanent magnet assembly. (b) Free induction decay T ∗2 (left) and spin echo THahn2 (right) times for ionized 31P+ donor
nuclear spins from various devices of the latest batches.28 The measurements were performed with either a permanent magnet
assembly or a superconducting electromagnet. (c) Long-term magnetic field drift as observed by the magnetic resonance shift
of a 31P0 electron spin inside a superconducting solenoid (blue) and a 31P+ nuclear spin inside a permanent magnet assembly
(orange).
bath and operated in persistent mode, we noticed a de-
cay of ∼ 15 ppm/h when the driving current through the
leads was off, and ∼ 1.5 ppm/h when the nominal driv-
ing current was still fed through the leads.27 Using an
American Magnetics superconducting magnet with low
drift rate option for the persistent mode switch reduces
the magnetic field decay to ∼ 40 ppb/h [see FIG. 4(c)].
This corresponds to a change in the 40 GHz resonance
frequency of the electron spin qubit of about 1 MHz in a
month.
For the permanent magnet assembly we measure the
long term stability using the NMR frequency of a 31P+
nuclear spin. With the electron unloaded from the donor,
its resonance frequency is only dependent on the mag-
netic field, making it an accurate sensor for magnetic
fields. As shown in FIG. 4(c), we cannot resolve any drift
in the resonance frequency of the 31P+ nuclear spin qubit
beyond the fitting error over a 17 day period, setting an
upper bound for the magnetic field drift of 1.7 ppb/h.
This is well over an order of magnitude lower than the
drift measured with the state-of-the-art superconducting
solenoid, and compares favourably to the magnetic field
drift specified for commercially available NMR spectrom-
eters of ∼ 10 ppb/h34 and the ∼ 1 ppb/h that are practi-
cally possible.35 The excellent magnetic field stability is
a strong indication that the use of permanent magnet as-
semblies like the one described here can be a key enabling
technology to achieve the best possible long-term stabil-
ity and coherence times for qubits whose energy splitting
depends upon a magnetic field.
V. CONCLUSION
In conclusion, we have presented a permanent mag-
net assembly based on neodymium (NdFeB) magnets
that can provide magnetic field strengths of up to 1.5T
over an air gap of 7mm length. The assembly works
for a wide temperature range from 300K to mK tem-
perature with only a few percent variation in magnetic
field strength. This makes it ideal for a wide variety
of experiments, including spin qubits, nuclear magnetic
resonance, and electron paramagnetic resonance spec-
troscopy, where medium-high fields with good stability
are required. Furthermore, with a production price of
∼ $750 USD, a size of 138 × 87 × 55 mm, and a weight
of 2.83 kg, the assembly is much cheaper and more com-
pact than superconducting solenoids, and allows several
experiments to be run in parallel on the same mixing
chamber plate of a dilution refrigerator.
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